microRNA expression during the transition from right ventricular hypertrophy to failure. Physiol Genomics 44: 562-575, 2012. First published March 27, 2012 doi:10.1152/physiolgenomics.00163.2011 are small, noncoding RNAs that are emerging as crucial regulators of cardiac remodeling in left ventricular hypertrophy (LVH) and failure (LVF). However, there are no data on their role in right ventricular hypertrophy (RVH) and failure (RVF). This is a critical question given that the RV is uniquely at risk in patients with congenital right-sided obstructive lesions and in those with systemic RVs. We have developed a murine model of RVH and RVF using pulmonary artery constriction (PAC). miR microarray analysis of RV from PAC vs. control demonstrates altered miR expression with gene targets associated with cardiomyocyte survival and growth during hypertrophy (miR 199a-3p) and reactivation of the fetal gene program during heart failure (miR-208b). The transition from hypertrophy to heart failure is characterized by apoptosis and fibrosis (miRs-34, 21, 1). Most are similar to LVH/LVF. However, there are several key differences between RV and LV: four miRs (34a, 28, 148a, and 93) were upregulated in RVH/RVF that are downregulated or unchanged in LVH/LVF. Furthermore, there is a corresponding downregulation of their putative target genes involving cell survival, proliferation, metabolism, extracellular matrix turnover, and impaired proteosomal function. The current study demonstrates, for the first time, alterations in miRs during the process of RV remodeling and the gene regulatory pathways leading to RVH and RVF. Many of these alterations are similar to those in the afterload-stressed LV. miRs differentially regulated between the RV and LV may contribute to the RVs increased susceptibility to heart failure. heart failure; right ventricle CARDIAC REMODELING IN RESPONSE to stress results from activation and repression of genes encoding proteins that regulate cardiac contractility and structure. As novel mechanisms of remodeling are uncovered to understand the basic mechanisms of disease, an additional layer of regulation mediated by stress-responsive microRNAs (miRs) has emerged. miRs are small, noncoding RNAs of 18 -25 nucleotides that regulate gene expression by degradation or translational suppression of mRNA. miRs have retained sequence conservation across species, indicating a strong evolutionary role in fundamental biologic processes. Since the discovery of the first miR in 1993, their role in cell differentiation, proliferation, apoptosis, and stress responses has been elucidated. Their role in cardiovascular development, left ventricular hypertrophy (LVH), and heart failure is only now being understood. (8, 13).
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Van Rooij et al. (56) elucidated the miR expression profile in LVH in a model of thoracic aortic constriction. Many of the induced and repressed miRs were regulated in the same direction in fetal, hypertrophic, and failing human hearts, consistent with the known reactivation of the fetal gene program with stress (18, 51) . Also noted were unique subsets of miRs dysregulated with each disease state: hypertrophy, ischemic heart disease, and dilated cardiomyopathy. Gain and loss of function studies of aberrantly expressed miRs in hypertrophied hearts have revealed specific miRs to be key regulators of cardiac hypertrophy and fibrosis such as miR-208, miR-21, miR-1, and miR-133 (7, 10, 22) . As the functional role of miRs is elucidated, they are developing as tools for both the understanding of basic cardiovascular regulatory processes and as potential therapeutics for cardiovascular disease by the ability to manipulate their expression with miR mimics and inhibitors. Since miR expression is dynamic during a disease state, it is also conceivable that they can also be utilized as biomarkers for diagnosis and prognosis (47) .
Despite extensive data in the left ventricle (LV), there is currently no information on miR expression in the afterloadstressed right ventricle (RV), either during the period of compensated hypertrophy or during the transition to heart failure. This is a critical issue for patients with congenital heart disease, where the RV is uniquely at risk of failure, e.g., in patients with complex congenital heart disease involving rightsided obstructive lesions (tetralogy of Fallot, pulmonary atresia), in patients with systemic RV (L-transposition, hypoplastic left heart syndrome), and in patients with pulmonary hypertension (23, 60) . Given evidence suggesting that the stress response of the RV and LV may be marked by key differences (29, 53) and the failure of many common heart failure therapies to work in patients with failing RVs (24, 46) , we sought to develop a better understanding of the role of miRs in the mechanisms of RV remodeling and failure. Using a murine model of RV afterload stress that recapitulates many of the clinical features of right ventricle hypertrophy-right ventricle failure (RVH/RVF) in humans, we sought to identify the role of miRs in the adaptation of the RV to hypertrophy and failure, to examine their predicted target genes for altered regulation and to compare miRs altered in RVH with those altered in LVH.
METHODS

Model of RV Afterload Stress
We have developed a murine model of RVH and RVF using pulmonary artery constriction (PAC) providing a unique platform for studying the physiological and molecular events of RV remodeling. (53) We used male FVB mice aged 12 wk for all studies. Following tracheal intubation, anesthesia was maintained with 1.5% isoflurane for the duration of the procedure. Via a right thoracotomy, a 7-0 silk suture was tied around the main pulmonary artery over a 27 G needle to create PAC with a reproducible band gradient of Ͼ35 mmHg. PAC mice were compared with sham-operated controls that underwent identical surgical procedures with the exception of placement of the constricting suture. Sham controls were not failed band placements, but a separate group of purposeful sham experiments. We have previously reported on this model, which demonstrates many key components that are observed in clinical RV disease: right bundle branch block by electrocardiogram, elevated RV end-diastolic pressure by invasive hemodynamics, and progression to RV contractile failure, manifested by decreased RV shortening fraction and RV free wall velocity. By 10 days, these mice develop overt signs of "clinical" RVF with liver enlargement, ascites, and high mortality (53) . Hearts were harvested at 2, 4, and 10 days after PAC and total RNA isolated.
Model of LV Afterload Stress
LVH and left ventricular failure (LVF) were induced via transverse aortic constriction (TAC). This has been previously described by our group and others (60) . Anesthetic procedures were similar between PAC and TAC. A 7-0 silk suture is placed between the innominate and carotid arteries over a 27 G needle to produce a gradient of Ͼ35 mmHg across the band similar to that in PAC. A similar group of sham controls was used. Hearts were harvested at 2, 4, and 10 days after TAC and total RNA isolated.
Echocardiography
Transthoracic echocardiograms were performed using a GE Vivid 7 ultrasound platform with a 13 MHz probe. PAC mice and shamoperated controls underwent echocardiograms at 2, 4, and 10 days after surgery to quantify the severity of RV outflow tract obstruction and its effect on RV morphology and function. As previously described (53), mice with a PAC peak pressure gradient Ͼ35 mmHg, RV dilation, interventricular septal (IVS) shift with encroachment on the LV cavity, and tricuspid insufficiency were characterized as having severe pulmonary stenosis (PS) and were used for this study. Following echocardiograms at each time point, the hearts were excised, and the RV free wall was separated from the IVS and LV and weighed.
miR and Gene Expression Profiling
Mice with severe PS were evaluated at three time points after surgery: early hypertrophy (2 days), decompensated hypertrophy (4 days), and heart failure (10 days) (n ϭ 4/group/time point). Total RNA was isolated from the RV free wall of PS and sham-operated mice (miRNeasy Mini Kit, Qiagen). We used 10 ng of total RNA from each sample to synthesize cDNA, following which cDNA labeled with cyanine-3 was synthesized, amplified, and purified. This was hybridized to Agilent mouse whole genome oligonucleotide microarrays representing ϳ41,000 probes; scanned and probe features were extracted using Agilent feature extraction software (Agilent OneColor Microarray Low Input Quick Amp Labeling Protocol). Total RNA (100 ng) from the same samples was labeled with cyanine-3 to generate fluorescent miR, purified, and hybridized to Agilent mouse miR microarrays representing 567 distinct probes. The slides were scanned, and data extracted using Agilent feature extraction software for miR expression.
Microarray Analysis
miR and gene expression analyses were performed using GeneSpring GX 11.5 software. Normalized data between the 20th and 100th percentiles with detected probes were used for further analysis. Quality control was performed, following which unpaired t-test with Benjamini Hochberg multiple testing correction was applied to the data. Significantly altered miRs and gene transcripts with a corrected p value of Ͻ0.05 and with a fold change Ն2 up-or downregulated were considered for further analysis. Putative target genes were identified using the TargetScan algorithm with sequence specificity, binding site accessibility, and evolutionary conservation of binding sites. The gene database containing statistically significant microarray data from sham vs. PAC was queried for the above-identified targets. The target gene subset enriched in PAC was then compared with statistically significant gene microarray datasets from mice undergoing TAC previously reported by our lab (60) . Gene Ontology (GO) and pathway analyses were performed to identify important biologic processes, nodal points, and pathways unique and common to compensated and decompensated hypertrophy and heart failure.
Reverse Transcriptase Polymerase Chain Reaction
Expression of key target genes was confirmed in a one-step qRT-PCR using SYBR green technology (Qiagen). In brief, 200 ng of total RNA was reverse transcribed to cDNA and amplified over 40 cycles using the ABI 7900 Thermocycler. Primers were designed using the Primer 3 Output program. The expression of a subset of dysregulated miRs was confirmed by Taqman two-step qRT-PCR using 50 ng of starting template, reverse transcribing to cDNA followed by amplification (Applied Biosystems). Ambion mirVana qRT-PCR Primer Sets were used. Fold change in expression was compared between PAC mice and sham-operated controls and between PAC and TAC.
Western Blotting
Western blotting of selected miR targets was performed to assess if miR-induced transcriptional changes led to translational changes. Proteins were separated by gel electrophoresis, transferred onto a nitrocellulose membrane, and detected using the following antibodies: CaMKII, JNK1, p38 (Santa Cruz Biotechnology, sc-571, sc-6187, sc-5306, respectively), Akt, and GSK3b (Cell signaling, #4691 and #9315). GAPDH was used as the housekeeping protein.
Isolation of RV Cardiomyocytes and Nonmyocytes
We isolated calcium-tolerant adult RV myocytes and RV nonmyocytes from sham and PAC-operated mice. In brief, the heart was retrograde perfused and enzymatically digested in a calcium-free solution, following which CaCl 2 was added for a final concentration of 50 mM and further perfused. The RV was separated and digested followed by step-wise calcium readministration to render calciumtolerant cells. The cell suspension was centrifuged, and the pellet resuspended and centrifuged to separate the myocyte and nonmyocyte fractions (19) .
Statistical Analysis
Data other than microarray datasets are represented as means Ϯ SD. Unpaired Student t-test for two-group and ANOVA for three or more group comparison was performed on continuous, normally distributed data with a P value of Յ0.05 being considered significant.
Animal Care
All procedures were performed in accordance with National Institutes of Health standards and were approved by the Administrative Panel on Laboratory Animal Care at Stanford University.
RESULTS
Model of RVH and RVF
Echocardiography. As early as 2 days after PAC, there was RV dilation with flattening of the IVS (Fig. 1A, top right) . At 4 days after PAC, the RV continued to dilate with further flattening of the IVS (Fig. 1A , bottom left) and the development of tricuspid regurgitation (Fig. 1B, right) . By 10 days, there was posterior bowing of the IVS into the LV with evidence of pericardial effusion (Fig. 1A, bottom right) . We have previously reported on the abnormalities of RV function developing over the first 10 days after PAC including a decrease in the RV outflow tract fractional shortening and RV free wall velocity (53) .
RVH. RV free wall weight was significantly increased as early as 2 days after banding and increased further at 4 and 10 days compared with sham-operated controls (Fig. 1C) . We have previously reported complete morphometric analysis of hearts from these mice (53) .
miR Expression in the Normal and Stressed RV vs. LV
miRs most abundantly expressed in the RV of PAC and sham-operated mice at 10 days are shown in Fig. 2 . This was compared with miRs most abundantly expressed in the normal LV [GSM357026, National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO) database] and in serum response factor (SRF)-induced LVH (GSE23044, NCBI GEO database) where raw array data were available for analysis (33, 58) . Prior studies on TAC did not provide the data to allow the expression of the most abundant miRs to be expressed as a percentage of total miRs. However, since key upregulated miRs are similar between TAC and SRF-induced LVH, we used SRF data for this comparison. Much of the expression profile was similar between the sham RV and LV, with miR-1, 133, and let-7 families being the most abundantly expressed miRs in both ventricles. These miRs were, however, much more abundant in the LV than in the RV. We next compared the abundance of miR expression in RVH after PAC and in SRF-induced LVH. miRs that were noted to be the most abundant in the normal RV and LV are also the most abundant miRs in RVH and LVH. In addition, while miR-21 is more abundant in RVH vs. LVH, miR families-23, 26, 29, and 30 are more abundant in LVH.
Dynamic miR Changes from RVH to RVF
At 2 days, which is the stage of early compensated hypertrophy, there were no differentially expressed miRs. At 4 days, which is the stage of early decompensated hypertrophy without microRNAS IN THE STRESSED RIGHT VENTRICLE overt heart failure, 32 miRs were differentially expressed: eight miRs were upregulated and 24 were downregulated. At 10 days, which is the stage of overt heart failure, 49 were differentially expressed: 14 miRs were upregulated and 35 were downregulated (Fig. 3A) . Of these, 21 differentially expressed miRs were common to both four and 10 days: five were upregulated and 16 were downregulated. Figure 3B demonstrates the heat map of significantly altered miRs at 10 days. Figure 3 , C and D, identifies miRs differentially expressed at only 4 or 10 days after PAC with their fold changes. Many of these miRs parallel those reported in LVH and LVF. Interestingly, these miRs followed three patterns of expression over time (Fig. 4) . Of the five miRs upregulated at 4 days, three continued to be upregulated with no further increase in expression at 10 days (Fig. 4A) , while one (miR-34a) continued to further increase (Fig. 4B ) and one (miR-21) decreased in expression (Fig. 4C) . Downregulated miRs followed a similar pattern, with the majority (n ϭ 11/16) showing a plateau in expression from 4 to 10 days (Fig. 4D) , while others continued to further decrease (n ϭ 3/16) (Fig. 4E ) or began to increase (n ϭ 2/16) (Fig. 4F) . qRT-PCR was performed on the first miR listed in each of the six subgroups in Fig. 4 to validate the array data. In addition, each miR was tested at three time points: 2, 4 and 10 days. The following miRs were tested: miRs 199a-5p, 34a, 21, 133a, 150, and 1. There was excellent correlation with the microarray data for all miRs at the 4-and 10-day time points. However, while the array data indicated no statistical difference between Sham and PAC at 2 days, four of the six RT-PCRs demonstrated a statistically significant change at 2 days. miR-21 was upregulated at 2 days but to a lesser degree than at 4 and 10 days. miRs 133a, 150, and 1 were downregulated at 2 days similar to the 4-day time point (Fig. 5) .
miR-Gene Correlation in RVH and RVF
Significant alterations in miR expression at 10 days were then correlated with significant alterations in gene expression at 10 days from Agilent whole genome oligonucleotide microarrays. We further narrowed our examination to those genes that met the following criteria: 1) genes predicted by both TargetScan and DIANA microT to be regulated by any of the altered miRs; 2) predicted targets that were appropriately upor downregulated, i.e., decreased if their regulatory miRs were upregulated or increased if their regulatory miRs were down- (58) . Data are expressed as median signal intensity. LV data were obtained from GEO datasets. microRNA (miR) distribution is similar in both the RV and LV with miR-1, 133, and let-7 family being the most abundant. See text for details of data selection. microRNAS IN THE STRESSED RIGHT VENTRICLE regulated; and 3) predicted targets that were also literaturevalidated, when possible. Pathway analysis of target genes identified in the PAC gene microarray database revealed nodal points involving Nfb1, c-jun, ErbB2, Ep300, Raf1, and VEGF networks.
Phase of hypertrophy: target genes increase cardiomyocyte size and fibrosis. Gene expression data were not available for this phase. Hence only literature-validated target genes are reported. Of the three miRs upregulated at 4 days, miR199a-3p downregulates mTOR and c-met, miR-199b* downregulates Dyrk1a (NFAT pathway), and miR-223 downregulates glucose uptake via Glut-4. The miR 143/145 cluster, which is downregulated at 4 days, upregulates Krüppel-like factor-4 (Klf4). Downregulation of miR-181a and Let-7 family upregulate their target gene Bcl-2, while Let-7g upregulates Nfb1. Downregulation of the miR-30 family upregulates its target gene connective tissue growth factor (Ctgf).
Phase of heart failure: enhanced apoptosis and reactivation of the fetal gene program. miR-199 and miR-30 families continued to be up-and downregulated, respectively, during this phase, although the isoforms differed compared with hypertrophy. miRs upregulated only during the phase of heart failure such as the miRs-34b and c were associated with downregulation of cell cycle genes. miR-379 and 503 were Fig. 3 . miRs altered with hypertrophy and heart failure. A: at 2 days (phase of early RV hypertrophy) no miRs were differentially expressed between PAC and sham, at 4 days (phase of compensated RV hypertrophy) 32 miRs were differentially expressed, and at 10 days (phase of RV failure) 49 were differentially expressed Ͼ2-fold. Corrected P value Ͻ 0.05. Twenty-one miRs were common to both hypertrophy and heart failure. B: heat map of significantly altered miRs at 10 days between sham and PAC. The color intensity in red represents gene expression being increased and green represents gene expression being decreased. C and D demonstrate miRs dysregulated at only the 4-and 10-day time points with their fold changes.
upregulated by five-and twofold, respectively, and were associated with downregulation of Ccne1 and cdc25A. This phase was also characterized by reactivation of the fetal gene program with a significant increase in the expression of fetal ␤-cardiac myosin heavy chain gene (␤-MHC) and a concomitant decrease in the expression of adult ␣-cardiac myosin heavy chain gene (␣-MHC). miR-208b is encoded within an intron of ␤-MHC gene, while miR-208a is encoded within an intron of ␣-MHC. The expression of these miRs paralleled the expression of these genes and was confirmed by RT-PCR (Fig. 6) . Fig. 4 . Patterns of miR expression during the progression from early to late hypertrophy and heart failure for differentially expressed miRs common to both 4 and 10 days. (Fold change Ͼ2, corrected p value Ͻ0.05.) Upregulated miRs follow 3 patterns of expression: increase at 4 days followed by a plateau at 10 days (A), increase at 4 days and further increase at 10 days (B), and increase at 4 days and decrease at 10 days (C). Downregulated miRs follow a similar pattern (D, E, F) . Downregulation of the miR-144/451 cluster was associated with upregulation of Cugbp2. Expression of the hypertrophy/ heart failure program was also assessed during this stage using RT-PCR. There was a progressive increase in atrial natriuretic peptide (ANP) and ␣-actin expression from 2 days to 10 days with a decrease in SERCA expression at 4 and 10 days. miRs common to hypertrophy and heart failure: enhanced apoptosis and fibrosis. Of the five upregulated miRs common to the stages of hypertrophy and heart failure, miRs-199a, 210, 214, and 21 were associated with genes involved in myocyte survival and adaptation to stress (table 1) . While all of these miRs increased during hypertrophy, their expression plateaued or fell with the development of heart failure. miR-199a targets ubiquitin conjugating enzymes, many of which were downregulated in our model. miR-21 was upregulated by Ͼ10-fold with concomitant downregulation of its target genes such as interleukin 12, Fas ligand belonging to the tumor necrosis factor superfamily, and Pten. Downregulation of Pten was associated with an increase in matrix metalloprotease-2 gene expression. This upregulation was not sustained as with the development of heart failure; miR-21 expression began to fall. Coinciding with this fall in miR-21 expression was the upregulation of proapoptotic miRs such as miR-34a, whose expression was further increased during the stage of heart failure. Eleven of 16 downregulated miRs showed a plateau in their expression from the stage of hypertrophy to heart failure. Fig. 4 , were validated by qRT-PCR. Each miR was evaluated at 2, 4, and 10 days after PAC and compared with age-matched sham-operated controls. There was excellent correlation with the miR microarray data at the 4-and 10-day time points. At the 2-day time point, miR-21 was upregulated and miRs-133a, 150, and 1 were significantly downregulated. These were not statistically significant in the miR microarray data. *P Ͻ 0.05, **P Ͻ 0.01.
Among these, downregulation of the miR-30 family was associated with upregulation of sorting nexin, metadherin, and MAP kinase 8. In addition, downregulation of miR-133 family, miRs-149, and 26b was associated with upregulation of collagens. miRs-150, 29c, and 499 decreased by two -to fourfold during hypertrophy and further decreased with heart failure. These miRs were associated with upregulation in Tgf-␤ signaling, collagens, formin-binding protein and myosin 5. miRs-1 and 30d were downregulated at 4 days with their expression being less downregulated by 10 days. Musclespecific miR-1 downregulation was associated with upregulation of DNA polymerase alpha 1, fibronectins, annexins, and ubiquitin conjugation. No direct targets of miR-378* were identified in our model.
RVH and RVF do not fully mirror LVH and LVF.
We next compared miRs dysregulated in RVH/RVF with LVH/LVF. Whereas many of the dysregulated miRs were similar to those differentially regulated during LVH/LVF (TAC), we identified four miRs that were uniquely upregulated in RVH/RVF but which have been reported as being downregulated in LVH/ Fig. 6 . Reactivation of fetal gene expression during hypertrophy and heart failure. A: ␣-myosin heavy chain (MHC) and ␤-MHC gene expression decrease and increase respectively with heart failure in PAC RV compared with sham (*P Ͻ 0.05). There is also an increase in the expression of other fetal genes including atrial natriuretic peptide (ANP, B) and ␣-actin (C). D: SERCA expression was downregulated with hypertrophy and heart failure (ANOVA P Ͻ 0.05). E: expression of miR-208a and 208b parallel the changes in ␣-MHC and ␤-MHC gene expression. During early hypertrophy miR-208a predominates in the RV. As hypertrophy progresses, there is a shift from miR-208a to 208b. With the development of heart failure, there is a dramatic increase in miR-208b, while miR-208a remains downregulated (*P Ͻ 0.05). **P Ͻ 0.01, ***P Ͻ 0.001.
LVF. (12, 56, 57) These are miR-34a, 28, 93, and 148. We confirmed their upregulation in RVH using Taqman qRT-PCR. Although not previously reported to be upregulated with LVH, we confirmed this by qRT-PCR in a separate group of mice undergoing TAC (Fig. 7) . miR expression was again correlated with gene microarray data at 10 days. In each case, key target genes listed were identified as being appropriately downregulated by gene microarray in the RV and upregulated in the LV, further evidence that these miRs played a differential role in the stressed RV vs. LV. Table 2 highlights examples of predicted, downregulated targets of these four unique miRs with their functions. The most differentially expressed, miR34a was upregulated by sixfold in RVH. Cheng et al. (12) found miR-34a to be downregulated by 1.5-fold in LVH, and we confirmed that it was unchanged by RT-PCR in TAC using similar strain and age mice. We found coordinate downregulation of many miR-34a target genes in the RV, examples of which are shown in Table 2 . Interestingly, one of these, Ccnd1, was found to be upregulated in LVH. miR-28 was upregulated by 1.9-fold in RVH but unchanged in LVH. There was associated downregulation of mitochondrial carrier genes and ubiquitin ligase. miR-148a was upregulated by 1.6-fold in RVH and was associated with downregulation of heat shock protein 40, protein phosphatase 1L, and citrate synthase. Upregulation of miR-93 by 1.7-fold was associated with downregulation of GTPase-activating protein, cyclin D1, Akt, and p38.
To further identify which cell type is responsible for the induction of these RV-specific miRs, we isolated RV myocytes and nonmyocytes from sham and PAC. qRT-PCR performed on these fractions demonstrated that the increase in all four RV-specific miRs was from the nonmyocyte fraction (Fig. 8) . Protein expression of key target genes known to play a role in cardiac remodeling was also assessed and is shown in Fig. 9 .
DISCUSSION
The molecular events that mark the transition from a stressed but compensated state, e.g., stable hypertrophy, to overt heart failure are still not completely understood. Both animal and human data have advanced our understanding of the molecular events that mark the progression from compensatory LVH to a maladaptive state of overt LV dysfunction and then to clinical heart failure (4, 15, 37, 54, 55) . The role of miRs in LVH and LVF points to their potential involvement in disease progression with potential for clinical application as drug targets or as biomarkers. In contrast, there are no data on miR regulation of RV remodeling in response to hemodynamic stressors and the pathways leading to RVF (5, 29) . Although the current study is mainly descriptive, it is an important and necessary first step toward evaluating the significance of differentially expressed miRs in the stressed RV.
The current study demonstrates, for the first time, alterations in miRs during the process of RV remodeling in response to afterload stress and the gene regulatory pathways leading to RVH and progressing to RVF. Many of these alterations are Shown are microRNAs (miRs) altered in right ventricular hypertrophy-right ventricular failure (RVH/RVF) at 10 days that have been previously described in left ventricular hypertrophy-left ventricular failure (LVH/LVF). Dysregulated miRs common to both hypertrophy and heart failure are listed below with examples of their gene targets and related functions. (Fold change Ͼ2, Benjamini Hochberg corrected p valve Ͻ0.05 for miRs and target genes.) similar to those in the afterload-stressed LV. Key nodal points identified via pathway analysis in the afterload-stressed RV include cell growth, inflammation, hypertrophy pathways via Nfb1; pathologic hypertrophy and heart failure via c-Jun-Akt and Raf1 pathways; injury and apoptosis (erbB2); extracellular matrix remodeling and fibrosis (Ep300); and angiogenesis (VegfA). Profiling the dynamic changes in miR expression associated with RV pressure overload demonstrates a balance between prosurvival and proapoptotic miRs during hypertrophy with the balance tilted toward proapoptosis and profibrosis during heart failure, as has been described with LVH/LVF. The expression of miRs maintaining the adaptation to hypertrophy such as miRs involved in cell growth, the ubiquitin proteosomal system, and cell adhesion are noted to plateau or decrease with the development of heart failure. Specifically, miRs dysregulated during the stage of hypertrophy target key mediators of hypertrophy to increase cardiomyocyte size (miR199a-3p, Let-7) (20), enhance glucose uptake (miR-223) (36), enhance abnormal vascular tone (miR-143/145 cluster) (14) , enhance resistance to apoptosis (miR-181a, Let 7) (11), and contribute to increased collagen synthesis (miR-30). miRs dysregulated during the phase of heart failure target genes involved in enhancing collagen synthesis (miR-133 and 30 family) (10, 16, 31, 39) , enhancing apoptosis via cell cycle (59), and inhibiting endothelial cell proliferation and migration (miR-379, 503) (9) . Reactivation of the fetal gene program is also noted with an increase in the expression of ␤-MHC and a decrease in ␣-MHC. miR-208b and 208a follow the expression of these genes, respectively (7).
The transition from hypertrophy to heart failure is marked by upregulation of miRs targeting genes critical to myocyte survival and adaptation to stress. Their expression subsequently decreases, signaling the development of heart failure (6, 22, 25, 32, 40) . These include impairment in the ubiquitin proteosomal system (miR-199a-5p) (21, 48) , decrease in antiapoptotic mechanisms, fibroblast proliferation, and survival and increased extracellular matrix breakdown (miR-21) (43, 45) . Although miR-21 is also known to decrease PPAR␣ protein levels thereby decreasing fatty acid oxidation, we found no change at the level of PPAR␣ gene expression (30) . Proapoptotic miRs begin to increase with heart failure (miR-34 family). There is upregulation of target genes involved in apoptosis and enhancing fibrosis (miRs-133 family, 30 family, 150, 149, 29c, 499), and enhancing intracellular trafficking, and cell adhesion (miR-30 family) (10, 31, 39) . Muscle-specific miR-1 regulates an array of growth factor genes. This is associated with upregulation of genes involved in DNA replication, cell adhesion, and metabolism (22) . An increase in miR-1 leads to a downregulation of these growth factors signaling a transition away from compensated hypertrophy (45) . Excess of miR-378* has been implicated in the metabolic shift from fatty acid oxidation to glucose oxidation in cancer cells via PGC-1␤. This is decreased in heart failure, but no direct targets have been identified in our model (17) .
Although most of these alterations are similar to those in the afterload-stressed LV, there are important differences, highlighting differences in the adaptive mechanisms between the RV and LV response to pressure overload stress. We note unique RV-specific, upregulated miRs that are unchanged in LVH/LVF. miR-34a, the most upregulated miR in this group, downregulates target genes involved in glucose and lipid oxidation, enhancing cell cycle arrest and apoptosis in a p53-dependent and -independent fashion (34, 49). miR-34b and 34c are upregulated during heart failure in the RV and LV; however, miR-34a was upregulated in RVF only. Upregulation of miR-34a was found predominantly in the nonmyocyte fraction, which correlates with literature reports of miR-34a contributing to fibroblast and endothelial senescence (27, 38, 42) . miR 28 downregulates target genes involved in mitochondrial transport, ubiquitin proteosomal system, and cytoskeletal organization. Upregulation of miR-148a downregulates genes important to ischemia-reperfusion injury protection, TCA cycle, cell survival and calcium homeostasis (41, 44, 50, 52) . Upregulation of miR-93 is associated with downregulation of several of its target genes involved in GTPase and transcriptional activation, lipid metabolism, cell cycle regulation, and survival. Many of these processes have been described both in the progression of LVH and heart failure and in the RV subject to pressure-overload (1-3, 26, 28) . In support of the validity of these upregulated miRs playing a role in RV remodeling, upregulation of RV-specific miRs in our model was associated with downregulation of genes involved in maintaining lipid oxidation, decreasing cell death, and senescence. Thus, although these pathways are not unique to the remodeling or failing RV, our data suggest that these processes may be differentially or more severely dysregulated in the RV than in the LV, thereby contributing to the increased susceptibility of the RV to heart failure compared with the afterload-stressed LV. Each of these processes will require further study to confirm a mechanistic role.
Our study has several limitations. Our model of PAC results in severe afterload stress to the RV, thereby causing a rapid progression from hypertrophy to heart failure. This is similar to most accepted models of LVF induced by TAC. Whether these alterations would be similar in a model of more moderate afterload stress with gradual development of RVH and RVF, as in patients with repaired or palliated congenital heart disease, remains to be determined in future studies. We recognize that upregulation of a miR alone doesn't prove its functional role and that overexpression and knock-down/antagomir studies will be needed to completely validate this data. Finally, TargetScan has limited ability to predict specific targets, thus a second target prediction program, DIANA microT, was used, and literature validation was performed where possible. However, in support of the significance of our findings, substantial numbers of the predicted target genes moved in the right direction with upor downregulation in the RV and showed the exact opposite change in the LV.
In summary, this is first description of the dynamic changes in miR expression in the afterload-stressed RV as it transitions from hypertrophy to heart failure. Whereas many of these changes are similar to LVH/LVF, we identified four unique miRs that are upregulated in RVH/RVF that are not altered in LVH/LVF. These miRs regulate targets enhancing apoptosis, altering energy availability and impairing calcium handling, all of which may make the RV more vulnerable to failure when subject to afterload stress. RVH and RVF are important longterm sequel after repair of right-sided obstructive congenital heart lesions (tetralogy of Fallot, pulmonary atresia), in patients with systemic RV, and in those with pulmonary hypertension (35) . Recent clinical trials suggest that medications used to treat LVF may not have a clear benefit when used to treat RVF (24, 46) . In this study we have shown that miR regulation of RV remodeling represents a potential mechanism for differences between the RV and LV response to pressure overload stress.
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